We demonstrate narrow-linewidth-stimulated Brillouin lasers at 1064 nm from ultra-high-Q silica wedge disk resonators on silicon. Fundamental Schawlow-Townes frequency noise of the laser is on the order of 0.1 Hz 2 ∕Hz. The technical noise spectrum of the on-chip Brillouin laser is close to the thermodynamic noise limit of the resonator (thermorefractive noise) and is comparable to that of ultra-narrow-linewidth Nd:YAG lasers. The relative intensity noise of the Brillouin laser also is reduced by using an intensity-stabilized pump laser. . Among various laser technologies to achieve low phase noise, stimulated Brillouin scattering involves the nonlinear interaction among the pump, Stokes, and acoustic fields. Due to stronger damping of the acoustic field relative to the optical fields, the frequency noise of the Brillouin laser is greatly suppressed relative to the pump laser frequency noise [6, 7] . Brillouin fiber ring lasers with narrow linewidth on the order of 10 Hz to 1 kHz have been demonstrated [8, 9] . Also Brillouin lasers have been demonstrated from ultra-high-Q bulk microcavities [7, 10] and chip-based Chalcogenide waveguides [11] . Moreover, precise matching of the free-spectral range (FSR) to the Brillouin shift (necessary for efficient laser operation) has been recently demonstrated using a silica ultra-high-Q resonator on silicon [12] . For operation in the 1550 nm band, these devices also have record-low fundamental frequency noise (Schawlow-Townes noise) for a chip-based laser [12, 13] and furthermore have been used to demonstrate microwave synthesis up to 22 GHz using cascaded oscillation in a single resonator [14] .
Low phase (frequency) noise lasers are critical in a variety of scientific, commercial, and military applications, including spectroscopy [1] , optical clocks [2] , coherent fiber-optic communication [3] , microwave photonics [4] , and remote sensing [5] . Among various laser technologies to achieve low phase noise, stimulated Brillouin scattering involves the nonlinear interaction among the pump, Stokes, and acoustic fields. Due to stronger damping of the acoustic field relative to the optical fields, the frequency noise of the Brillouin laser is greatly suppressed relative to the pump laser frequency noise [6, 7] . Brillouin fiber ring lasers with narrow linewidth on the order of 10 Hz to 1 kHz have been demonstrated [8, 9] . Also Brillouin lasers have been demonstrated from ultra-high-Q bulk microcavities [7, 10] and chip-based Chalcogenide waveguides [11] . Moreover, precise matching of the free-spectral range (FSR) to the Brillouin shift (necessary for efficient laser operation) has been recently demonstrated using a silica ultra-high-Q resonator on silicon [12] . For operation in the 1550 nm band, these devices also have record-low fundamental frequency noise (Schawlow-Townes noise) for a chip-based laser [12, 13] and furthermore have been used to demonstrate microwave synthesis up to 22 GHz using cascaded oscillation in a single resonator [14] .
In this Letter, we study the operation of these devices at 1064 nm by pumping using a narrow-linewidth Ytterbium-doped fiber laser. In addition to characterization of the laser frequency noise, we investigate the laser relative intensity noise (RIN) of these devices for the first time. Overall, the fundamental and technical frequency noise of the laser is greatly suppressed relative to the pump laser and is comparable with that of low-noise Nd:YAG lasers. Finally, because the Brillouin frequency shift ν B is inversely proportional to the pump wavelength, i.e., ν B 2nV A ∕λ p , where n is the refractive index of silica, V A is the acoustic velocity in silica, and λ p is the pump wavelength, low noise microwave generation up to 32 GHz (as compared to 22 GHz using a 1550 nm pump [14] ) is demonstrated using cascaded Brillouin laser lines at 1064 nm.
The experimental schematic is given in Fig. 1 . A tunable continuous fiber laser is amplified by a Ytterbiumdoped fiber amplifier (YDFA). In order to reduce the intensity noise induced by the YDFA, a RIN reduction setup comprised of an acousto-optical modulator (AOM), photodetector, and servo control is used. The intensity-stabilized pump laser is coupled to the disk resonator by a taper fiber [15, 16] . The disk size (D ≈ 4 mm) is designed such that its FSR matches the Brillouin shift frequency at 1064 nm (ν B ∼ 15.9 GHz). As part of this design process, a frequency-modulation method was used for FSR measurement [17] . Larger disks (D ≈ 8 and 16 mm) with FSR matching half and one-fourth of ν B also were fabricated. A Pound-Drever-Hall (PDH) lock scheme-consisting of a phase modulator (PM), signal generator, mixer, and servo feedback-is used to lock the pump laser to the cavity resonance [18] . The SBS laser signal propagates opposite to the direction of the pump wave and is characterized using a photodetector and an optical spectrum analyzer. For laser frequency noise measurements, a Mach-Zehnder interferometer (MZI) also is used as an optical frequency discriminator (not shown in the figure). Finally, measured threshold pump power was in the range of 1 mW for loaded cavity linewidths ranging from 2 to 5 MHz. The frequency noise spectral density of the 1064 nm SBS laser was measured by a MZI with a FSR of 7.6 MHz. The laser was held at the quadrature point of the MZI in order to convert frequency noise to amplitude noise [12, 19] . The inset of Fig. 2(a) shows the frequency fluctuation spectra measured for an 8 mm diameter device at a series of power levels. Above a few 100 kHz, the noise spectrum is approximately white, suggesting that this portion of the spectrum is associated with fundamental Schawlow-Townes noise. The two-sided, fundamental Schawlow-Townes frequency noise of the SBS laser can be written as [13] 
where Q T;E are the total and external Q factors, P is the output power of the Brillouin laser, and n T N T is the number of thermal quanta in the mechanical (optical) field. N T is negligible for optical frequencies, while n T ≈ 386 for a phonon frequency of 15.9 GHz at room temperature. The white noise level is plotted versus laser power in the main panel of Fig. 2(a) . A theoretical curve based on the Schawlow-Townes formula agrees very well with the data. The technical frequency noise of the 1064 nm SBS laser also was characterized and is shown in Fig. 2(b) . The red curve is the frequency noise of the pump laser, while the green and blue curves give the frequency noise of SBS lasers based on 4 and 16 mm disks, respectively. The pump laser is a narrow linewidth Ytterbium-doped fiber laser, with an effective linewidth of 1 kHz. Its frequencynoise spectrum features a broad shoulder from 1 to 100 kHz. Significantly, the SBS laser frequency noise is suppressed relative to the pump laser for frequencies above 1 kHz. The technical noise between 1 and 50 kHz is close to the measured thermorefractive noise of the disk resonators [20] . Indeed, the measured decrease of the noise spectrum for the 16 versus the 4 mm disk is consistent with an expected decrease of thermorefractive noise with an increase of mode volume [20, 21] . For comparison, the black dashed curve shows the calculated frequency-noise spectrum based on adapting a model of thermorefractive noise in a spherical resonator [21] to a 4 mm disk in a manner similar to that described in [22] . This thermorefractive noise component is added to a white Schawlow-Townes noise in the plot, i.e., S ν f S Thermo ν f S ST ν f . For even lower frequencies between 100 Hz and 1 kHz, the SBS laser frequency noise is believed to be limited by environmental mechanical and acoustic noise. For comparison, the red square markers give the frequency noise of a narrow-linewidth commercial Nd:YAG laser (Mephisto Laser, Coherent Inc., online data sheet [23] ).
In addition to frequency noise, we also characterized the RIN of the on-chip SBS laser. Figure 3 shows the SBS laser RIN spectrum measured with the RIN reduction for the pump laser on and off. The servo control bandwidth for the RIN reduction was around 100 kHz. When the RIN reduction is off, the SBS laser RIN tracks the RIN shape of the pump laser YDFA. The low-frequency behavior in this spectrum (1-100 kHz), as well as the noise spike at 65 kHz, is associated with the YDFA, while the noise bump between 100 kHz and 10 MHz is the fiber-laser relaxation oscillation resonance. The SBS laser RIN reaches a shot-noise-limited value of −141 dBc∕Hz for frequencies greater than 20 MHz, when the incident optical power to the photodetector is 41 μW. When the RIN reduction is on, the pump laser intensity noise is stabilized below the locking bandwidth at 100 kHz, leading to the reduction of the SBS RIN within 100 kHz by a factor up to 20 dB. The low-frequency RIN of the SBS laser with the RIN reduction on is on the order of −125 dBc∕Hz. Further reduction of the SBS laser RIN is currently under investigation.
Finally, low-noise microwave generation up to 32 GHz based on cascaded SBS lines in the 1064 nm band was demonstrated. When the intracavity power of the first Stokes line reaches the pump threshold for the (b) Frequency noise spectra measured at offset frequencies less than 4 MHz for the pump laser (fiber laser, red curve), SBS laser from a 4 mm disk (green curve) and SBS laser from a 16 mm disk (blue curve). The Schawlow-Townes limit at high offset frequency is lower for the 16 mm device, as this device featured a higher optical Q factor. The red square markers are the frequency noise data for a narrow linewidth Nd:YAG laser (see text for reference). The black dashed line shows the calculated thermorefractive noise for a 4 mm microresonator plus a white Schawlow-Townes noise.
second-order Stokes, the second Stokes line can start oscillation. Recently, we have demonstrated low-noise microwave synthesis up to 22 GHz (K band) based on heterodyne of the first and third Stokes lines in the 1550 nm band (where the Brillouin shift is around 10.8 GHz) [14] . The open-and closed-loop configuration for microwave generation based on the 1064 nm SBS lasers, shown in Fig. 4(a) , is similar to that in the 1550 nm band [14] . However, a larger Brillouin shift at 1064 nm, i.e., ν B ∼ 1∕λ p , leads to microwave generation with higher frequencies in the Ka band up to 32 GHz. In order to characterize the phase noise of the generated microwave signal, a phase-noise analyzer (PNA, Rohde Schwarz model number FSUP26) with a bandwidth up to 26.5 GHz is used. The beat note of 32 GHz measured directly from the fast photodetector with a bandwidth of 45 GHz is first divided to 4 GHz by an eightfold frequency divider and then measured by the PNA.
The center frequency of the microwave signal can be fine-tuned by varying the pump laser frequency. Thus it can be regarded as an optical voltage controlled oscillator (OVCO). The Fig. 4(b) inset shows the optical spectrum for the first and third Stokes lines measured in the back direction. Figure 4(b) shows the open-loop (free running OVCO) and closed-loop (phase lock-loop OVCO referenced to a low-frequency oscillator at 497 MHz) single-sideband phase noise of the 4 GHz signal. A phase noise level as low as −121 dBc∕Hz at 100 kHz offset for the open loop case is achieved for the 4 GHz carrier.
In conclusion, we have demonstrated a narrowlinewidth SBS laser at 1064 nm from an on-chip ultrahigh-Q silica wedge disk resonator. The fundamental Schawlow-Townes frequency noise of the SBS laser is on the order of 0.1 Hz 2 ∕Hz. The technical frequency noise of the SBS laesr is close to the thermodynamic limit (thermorefractive noise) of the resonator at room temperature, with performance comparable to an ultranarrow-linewidth Nd:YAG laser. The RIN of the SBS laser is suppressed by intensity stabilization of the pump laser. Finally, low-noise microwave synthesis up to 32 GHz using cascaded SBS lines is demonstrated. 3 . RIN spectrum for the 1064 nm SBS laser with the pump laser RIN reduction "on" (blue curve) and "off" (red curve). Also shown is the detector noise (black curve).
